INTRODUCTION
Robertson-Berger (R-B) meters have been extensively used in solar UV monitoring networks since the late 1980s (1) (2) (3) (4) . R-B meters are broadband UV detectors with a spectral response that approximates to the erythema action spectrum (5) . This action spectrum was considered to be similar to the action spectrum for skin cancer, and the R-B meters were originally used to provide data to correlate with skin cancer incidence (6) . The erythema weighted solar radiation was also useful for correlation with ozone layer thickness (6) . Although broadband measurements are more limited than spectral measurements, in that only one action spectrum is applied, broadband radiometers are cheaper than spectral instruments and they are simpler to operate and maintain (7) (8) (9) (10) . Broadband detectors, and in particular the R-B type detectors, are still in use in solar networks around the world (2, 3, (11) (12) (13) . The two main R-B type detectors are the Solar Light R-B 500 (SL-500) and the Solar Light R-B 501 (SL-501), manufactured by the Solar Light Co. Philadelphia, USA.
The SL-500 was the first commercially produced R-B detector and was suitable for analysis of longterm UV trends (14, 15) . Radiation incident on the SL-500 passes through a hemispherical quartz dome and then a pre-filter, before being wavelength-shifted by a magnesium tungstate phosphor that converts the UV radiation to visible radiation. The visible radiation then passes through a green filter and is detected by a vacuum photodiode (7) . The SL-500 has no temperature regulation. However, the sensitivity of the detector when measuring radiation approximating to the solar spectrum was found to be linearly related to the detector temperature, with approximate temperature coefficients of 8%/10°C (1, 4, 7, 16) . Variation of instrument sensitivity with temperature is a known issue with various other solar UV monitoring instruments (17) (18) (19) . In 1988, the National Radiological Protection Board (NRPB) in the UK started a solar network using a specially adapted version of the SL-500 detectors (20) . This was in response to the increased interest in solar UV radiation at the Earth's surface as a result of the discovery of the ozone hole in 1985 (21) . In 1990, the NRPB solar measurement system was redesigned and improved. The SL-500 detector was housed in weather-proof housing (the SMS head), along with a Macam Photometrics SD104Acos and Macam Photometrics SD-104Lcos detector for UVA and photopic measurement, respectively (manufactured by Macam Photometrics Ltd., Livingston, Scotland). This housing was monitored for temperature and humidity (22) . The SL-500 detectors recorded data every 20 seconds and then averaged these for each 5-minute period to give 5-minute mean weighted irradiance in mW m −2 . The standard deviation of the 15 readings making up the 5-minute mean value was also recorded along with the temperature and humidity of the housing.
The UK has variable ambient temperature. In the UK in 2014, the mean difference between the average daily maximum and the daily minimum was 7.2°C (23) . With a temperature coefficient of 8%/10°C, for the SL-500 detectors (1, 4, 7, 16) , a change in detector temperature by this amount on average would result in an error of 5.76%. However, variability in temperature over the course of the day results in even larger errors. This is of particular note in spring, when the difference between the maximum and minimum daily temperature is increasing (24) and low ozone events and consequential unseasonably high UV events occur more frequently (25) . In 1991, the next generation R-B meter, the SL-501, was produced (26) . The SL-501 was very similar to the SL-500. The vacuum photodiode was replaced with a smaller GaAsP photodiode, making it more compact. However, the main improvement was the inclusion of a Peltier device for temperature stabilization of the SL-501 detector. The SL-501 detectors still have some temperature dependence (27, 28) , but their data are much more accurate and reliable than SL-500 data, with reduced uncertainties due to the temperature regulation of the detector (1, 29) . The differences between the SL-500 and SL-501 have been well documented (1, 7, 29) . During 2004-08 NRPB/ Health Protection Agency (HPA) upgraded the solar network with the new temperature-regulated SL-501 detectors. These detectors were kept to ±1°C of 25°C.
HPA became part of Public Health England (PHE) in 2013. By 2016, the PHE solar network data set for Chilton, if it was comprised solely of SL-501 data,, would be long enough to carry out analysis of long-term trends in solar UV radiation levels (1, 30) . However, the step change from SL-500 to SL-501 in 2004 at Chilton results in a discontinuity in the data set, restricting the analysis of long-term trends.
In order to obtain a continuous data set, a model has been developed that converts the initial years of SL-500 data without temperature control to SL-501 equivalent data. The SL-501 data began on 1 October 2004. The SL-500 ran in parallel to the new SL-501 until 2007 in Chilton, UK. These parallel data sets, along with the recorded temperature of the head housing the SL-500, have made the development of this model possible.
In this paper, the development of this model is described. Its application to the SL-500 data results in a continuous 25-year data set of SL-501 equivalent data for long-term trend analysis.
METHODS
Data from midnight to 30 minutes before sunrise and from 30 minutes after sunset to midnight on each day were excluded from the analysis. Sunrise and sunset times were found for Chilton (1°19′ W, 51°3 5′ N) for every day of the year for all years from 1991 to 2015 from the US Naval Observatory website (31) . The weighted radiant exposure (J m −2 ) for each full day of data was then calculated. SL-500 correction factors were calculated by finding the ratio between the daily radiant exposure from the SL-500 and the SL-501 for the parallel data sets in 2005 and 2006. The internal SMS head temperature was averaged over each day, from 30 minutes before sunrise to 30 minutes after sunset, and plotted against the correction factors calculated for each day from 2006.
A strong correlation was found between the SL-500 correction factors and the average daily SMS head internal temperature. The relationship between the SL-500 correction factors and the average head temperature was more variable on days with average head temperature <5°C so these days were removed. On these days, of which there were 5, the maximum UV Index was low (maximum daily UV Index <1). An exponential line of best fit was fitted to the data, providing correction factors for the SL-500 data that could be determined from the internal SMS head temperature. The available data from 2005 was then used to validate this model. SL-500 data from 2005 was corrected using correction factors determined from the internal SMS head temperature using the model.
Once validated, this model was then used to correct all the SL-500 data from 1 January 1991 to 30 September 2004. The resulting data set was 25 years of SL-501 equivalent erythema effective UV data.
RESULTS AND DISCUSSION Figure 1 shows a scatter plot of the SL-500 correction factors against the average daily SMS head temperature for 2006. Days with average daily SMS head temperature <5°C have been removed. An exponential line of best fit is overlaid. The equation of the line is given in Equation 1 , where C is the SL-500 correction factor and T is the average daily SMS head temperature.
For this equation, R 2 = 0.8763 that shows that the points have a strong correlation with the line of best fit. The spread of values gets wider at lower temperatures. This may be because at lower UV Index values, smaller differences will show up more greatly in a ratio calculation since the ratio is approaching the noise. Inaccuracies in the measurement will therefore be accentuated.
Specific SL-500 correction values in 5°C intervals are shown in Table 1 . The maximum correction factor is 1.77 at an average daily SMS head temperature of 5°C. The correction factors required are large, especially at lower temperatures. This shows that the effect temperature was having on the SL-500 measurement was large. However, it can be noted that since lower temperatures generally coincide with lower UV Indexes (although not always and temperature is not a determinant of UV Index) the under-reading of the SL-500 at lower temperatures will be suppressed when looking at annual or monthly weighted radiant exposure. Figure 2 shows the ratio between the corrected SL-500 data and the SL-501 data in 2005 (black line). The corrected SL-500 data are within 10% of the SL-501 data for most of the year, including for most of the summer months when the contribution to annual UV exposure is the highest. The ratio is higher in late spring and early summer, with a maximum of 16% on 11 June 2005. This may be due to the increasing difference between the maximum and minimum daily temperatures at this time (24) , and the resulting larger change in temperature over the course of the day, resulting in a difference between the measured SMS head temperature and the temperature of the SL-500 itself due to the time lag in the detector reaching the same temperature as the SMS head itself. It is also possible that the humidity of the detector may play a role (27) . The ratio between uncorrected SL-500 data and SL-501 data is plotted for comparison (gray line). This correlation shows larger variation on a daily scale and also demonstrates a decrease in SL-500 reading relative to SL-501 reading towards winter. This is because the SL-500 sensitivity is reduced relative to the SL-501 in the colder winter temperatures as the SL-500 detector is not thermally regulated.
The variation of ±10% in the ratio of the corrected SL-500 data with the SL-501 data is approximately consistent with what would be expected of an SL-500 (1) .
CONCLUSION
A model relating SL-500 correction factors to the average daily SMS head temperature has been described. This model has been developed using parallel SL-500 and SL-501 data from 2006 and validated using parallel SL-500 and SL-501 data from 2005. The uncertainties of the historical erythema effective UV data from the PHE solar monitoring network have been substantially improved as a result of this correction. The result is a continuous 25-year data set for long-term trend analysis.
